Summary. An improved finite difference scheme has been used to simulate the propagation of a plane P-impulse in an elastic half space with a slot normal to its surface. Various angles of incidence and dimensions of slot are considered. The numerical results are presented in several visualizations; each emphasized a different type of wave and all representations help in understanding the scattered and diffracted wave pattern. Experiments were carried out using 0.5-6MHz ultrasonic pulses on a duralumin semidisc with a surface-breaking slot and the results are compared with those given by the numerical models.
Introduction
Several research projects have investigated the ground motion in the neighbourhood of prominent irregularities, due to incident SH-waves. However, the more complicated problem 7 6 o f P-SV-wave propagation, in similar models has far fewer solutions. Gangi (1967) and Gangi & Wesson (1 978) experimentally determined the P-wave to Raleigh-wave conversion coefficients at stress-free wedges. A numerical solution by Bouchon (1973) studied the effect of depressions and ridges on surface motion. The interaction of elastic waves with surface waves has also been investigated experimentally in electronics, by a number of workers including Humphryes & Ash (1969) and, more recently, Parekh & Tuan (1977) . Ilan, Bond & Spivack (1979) (henceforth paper 1) studied the surface motion and the scattered and diffracted wave pattern due to a plane P-pulse, propagating, in a half space with a slot normal to its surface. This paper presents an extension of that work: while Paper 1 concentrates on a normally incident P-pulse, the present paper considers various angles of incidence e , and studies the effect of e , on the various phases of the scattered and diffracted waves ( The medium is assumed to be perfectly elastic, isotropic and homogeneous. A square grid of order 70 x 70 and spatial grid increment K has been imposed around the slot. The displacements of the inner (body) points are calculated by the use of a scheme used by Alterman & Loewenthal (1970) , where the derivatives are replaced by central finite differences. The displacements at the corners are calculated using the formulae of Alterman & Loewenthal (1970) and Ilan, Ungar & Alterman (1975) . The free surface boundary conditions are approximated by the new composed scheme by Ilan & Loewenthal(l976) .
These approximations are all of second-order accuracy and the formulation produced is an explicit three-level finite difference scheme.
Interaction of a compressional impulse -II

Excitation
The excitation on the half space is assumed to be a plane P-SV-pulse. The shape of the pulse is the 6 function ( S ( t ) ) (Fig. I) , smoothed as described in Paper I:
where H is the Heaviside step function and A is an arbitrary parameter which determines the pulse width. In the calculations the pulse was spread over 18 grid points. Let a, / 3 be the compressional and the shear wave velocity respectively and P/a=O.575. Let e, f be the angles of the reflected compressional and shear waves respectively. The displacements (u, W') are those which would occur if the surface were flat as given by Ewing, Jardetsky & Press (1957) .
where A , B are the reflection coefficients,
A = B =
4 tan e tan f -(I + 3 tan' e)'
4 tan e tan f t (1 t 3 tan' e)' -4 tan e (1 + 3 tan' e )
4 tan e tan f + ( l + 3 tan' e)* '
The model is a half space with a normal slot (Fig. 1) . A grid of the order 70 x 70 was imposed on the model around the slot. The displacements at the first two time steps for all grid points were determined by equations (3) and (4). (For the subsequent time steps the displacements at the inner points of the grid and the stress-free surface were calculated by the finite difference scheme described in Paper 1 .) On the three artificial boundaries of the grid (U', W') given by equations (3) and (4) were imposed at every time step. The use of the analytical solution at the edges of the grids provides the exact solution of the problem up to the time when the first scattered wave arrives at the artificial boundaries. Stopping the calculation at this time step, and by using a sufficiently large grid, guarantees that the artificial reflections resulting from the use of a finite grid do not contaminate the results.
The surface displacements
The surface motion in the vicinity of the slot due to P-pulses of various angles of incidence was studied. The maximum amplitudes of the two components of displacements at 20 observation points were divided by the respective amplitudes at the plane free surface. The relative amplitudes are depicted in Figs 2 and 3. In Fig. 2 the depth (0) and the width (I) of the slot are L/3 and L / 4 respectively. The angle of incidence was varied over the values e=30", 45", 60" and 80", measured as positive in the counter-clockwise direction from the x-axis. Thus, e=O corresponds to a grazing wave approaching from the left side and e=90" is a normal incidence. In Fig. 3 the angle of incidence and the width of the slot are constants, e=45" and L/4 respectively, while the depth of the slot varied, D = L / 3 , L / 2 , 3L/4. These figures show that the effect of the discontinuity on the surface motion due to a P-pulse differs in some aspects from the effect of discontinuity on SH-waves, investigated by Trifunac (1973) and Wong & Trifunac (1974) behind the slot, which becomes wider and deeper as the slot itself is made deeper or the angle of incidence sharper. For the cases of e=45", when the slot width Z is 2L/9 and the slots depth D varied, D = L / 3 , L / 2 , 3/4L, the minimum relative horizontal displacement has been found to be 0.74, 0.52 and 0.40 respectively. For the case where D=L/3,Z=2L/9 and e=80°, 60°, 45" and 30°, the minimum horizontal amplitude is found to be 0. 99,0.81, 0.74 and 0.65 respectively. Generally, the behaviour of the horizontal component on the irregularity is similar to that of an SH-pulse. On the other hand, no diminution of the vertical component behind the slot was found. Near the upper right corner it was even amplified, and the amount of amplification increased as the angle of incidence was made smaller. When the slot was made deeper (from L / 3 to 3 L / 4 ) the amount of amplification decreased by only 16 per cent. The last result is of some practical interest as the slot may be a model of a trench. It appears that a trench may reduce the horizontal but not the vertical ground motion. Fig. 4 shows a cross-section of a half space where a P-pulse strikes the surface at 30", which is the critical angle of incidence at which the total energy is converted t o a reflected shear pulse. The amplitudes of the displacements were amplified in the visualization for emphasis and the position of particles at all grid points were connected by horizontal lines. The figure shows the main lines of distortion of the slot surface, that of the right flank being mainly a vertical stretching while the left one shows considerable bowing downwards and to the right. While being pulled back by the elastic forces the left flank excites a high amplitude pulse propagating t o the left, like a bow releasing an arrow. (The dynamic behaviour of the slot is vividly shown when the model results are used to generate 16 mm film (Ilan 1978) .)
The scattered and diffracted waves In which propagate with Rayleigh-wave velocity from the slot towards the left side. Two arcshaped wavefronts are also observed around the lower corners. While running the program whose solutions are depicted in Fig. 5 , displacements at 16 grid points along the surface were stored. The components of these displacements were later plotted as functions of time, as shown in Fig. 6 . This representation enables us to observe the arrival times of a certain type of wave at a series of recording points and so to determine its wave velocity. For this case, after the arrival of the initial pulse the region behind the slot is relatively quiet while on the left side, in front of the slot, several disturbances can be seen. The horizontal components in Fig. 6 show a compressional pulse scattered to the left with a wavefront parallel to the vertical flanks. The vertical components show the two Rayleigh pulses with an 80" phase delay. These have already been detected in the cross-section depicted in Fig. 5 . Similar calculations were made for various angles of incidence. It was found that with decreasing angle of incidence the amplitude of the scattered Rayleigh wave increased linearly in front of the slot and decreased behind it. Fig. 7 shows the components of displacements as functions of time. Here the observation points were chosen at a depth L (equal to the pulse length) below the surface. This figure shows, beside the original P-SV-waves, a shear pulse which has been diffracted from the lower right corner of the slot. In al. (1978) appears t o be the best means for identifying the different wavefronts of the scattered waves. In Fig. 8 the incident initial pulse is normal to the surface e=90", and therefore the scattered wave pattern is symmetrical. This figure includes cross-sections at six different time steps. In the first cross-section (Fig. 8a ) the compressional pulse has already arrived and has been normally reflected. In addition, a compressional diffracted pulse can be seen propagating in a semicircular wavefront centred at the mid-point of the bottom of the slot. Later two arc-shaped shear pulses are diffracted from the lower corners. Also Rayleigh pulses are seen to propagate from the upper corners, along the horizontal and vertical surfaces, the characteristics of these waves being clearly shown (e.g. the retrograde elliptical motion of the particles, the vanishing of the horizontal component at a depth of about 0.19 wavelengths and the change of its direction of motion at greater depths). In the next view (Fig. 8b ) the reflected pulse has already been diffracted around the lower corners. In the shadow zone, the amplitude of this diffracted pulse is reduced and its phase delayed relative t o the reflected P-pulse. Elliptical eddies have also been excited at the lower corners, where the directions of displacements are counter-clockwise in the left ellipse and clockwise in the right. Both ellipses have advanced in the direction of 45" and 135". These ellipses become spread out later and form arc-shaped wavefronts. Harumi et al. (1978) , in their simulation of elastic waves from a transducer, also noticed elliptical motion and accounted for it by an interaction of compressional and shear waves. In Figs 9 and 10 the angles of incidence are 70" and 45" respectively and the wave patterns are obviously non-symmetric. The amplitudes of Rayleigh pulses increase on the left side of the slot and decrease on the right when the angle of incidence is sharpened. When the initial pulse is diffracted around the right corner, the direction of displacements is changed and becomes nearer to the vertical flank. The ellipses are excited at different times, and both rotate counter-clockwise. The first is generated at the lower right corner, after it has been hit by the incident pulse. The second ellipse is excited at the left corner after having been hit by the reflected comp re ssional pulse.
Description of experiment
To test the results given by the numerical models a series of laboratory experiments were performed to observe the scattered waves generated when ultrasonic pulses are incident on slots cut into duralumin blocks.
The use of ultrasonic waves in models to investigate propagation in seismological systems has been reported by several workers and an extensive treatment of the basic principals involved is given by O'Brien & Symes (1971). The experimental system used in this study was based on ultrasonic equipment which is used for non-destructive testing (Brown & Weight 1974; Bond 1978) .
The ultrasonic waves used were generated by conventional piezoelectric transducers, driven by a pulse generator. The receiving system consisted of an ultrasonic surface wave transducer connected to a wide-band amplifier which was in turn connected to a display system t o give either the time domain signal ('seismogram') or spectrum of the received pulse, and x-y plotter. Figure 9 . Cross-sections of the model due to a plane P-pulse at 70" incidence. The other detaits are as in Fig. 8 .
The experimental arrangement giving the basic transducer positions on the test block is shown as Fig. 11 .
A slot (1 mm wide and 2 rnm deep) was cut normal to the flat surface, and along the axis of a semidisc. The circular surface of the semidisc at the angles 30°, 45", 60" and 90" was flattened to make small planes perpendicular to the radius. The block was placed in a water bath to the depth shown in Fig. 11 . The water both acts as the coupling medium and increases the pulse path length which simplifies analysis.
The pulses generated by a 3 cm diameter compression wave transducer were first investigated using a semidisc without a slot, and a second compressional transducer placed on the Figure 10 . Cross-sections of the model due to a plane P-pulse at 45" incidence. The other details are as in Fig. 8. flat surface of the block. The incident pulse was measured using the second transducer and t h e pulse frequency content was found to be centred around 2.5 MHz.As the compressional wave velocity of the duralumin was 6230 m s-' the pulse wavelength was about 2.5 mm. The compressional pulse, as measured using the second compressional transducer, is shown in both time and frequency domains as Fig. 12(a) . The waves in the semidisc containing the slot were then investigated. The cylindrical transducer of 3 cm diameter was carefully aligned opposite the small planes on the semidisc and used to generate compressional waves in the block, the transducer being set in turn in the positions A to E shown in Fig. 11 .
A wedge transducer sensitive to Rayleigh waves was carefully bonded to the flat surface of the block, once on the left and once on the right side of the slot, for each transmitter position, and the scattered and mode-converted pulses were investigated. For each position of the transmitter the compressional pulse was partly transmitted into the block and this energy hit the slot at the chosen angle. The scattered pulses of Rayleigh waves were detected by the wedge transducers and for each angle of incidence the time domain signals were recorded. The time domain signals and spectra for the case of 45" angle of incidence, on both sides of the slot, are shown as Fig. 12(b, c) . The spectra of the scattered Rayleigh waves were found to contain lower frequencies than those of the initial pulse, the spectra being centred around 1.25 MHz.
Interaction of a compressional impulse
The results of the experiment were plotted and, for each angle of incidence, the amplitudes of the scattered Rayleigh pulses were normalized to that for e=90". The 10.
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-4 00 3 5 . normalized amplitudes, as a function of angle of incidence, are shown in Fig. 13 . On the left side of the slot the amplitude is almost doubled when e = 6 0 " and decreases slightly for e=45" and 30". On the right side, behind the slot the amplitude of the Rayleigh waves decreases linearly with e. A maximum in the amplitude of the scattered Rayleigh waves was observed at e=60" and for this case a series of further experiments were performed. The basic transducer configuration was the same as for the earlier measurements, being that shown in Fig. 11 , with the transmitter in position C. In addition, the wedge transducer was replaced with a special transducer used t o detect the vertical component of displacement, which is a modified form of the design given by Harnik (1977) , due to Bond (1978) . The receiving transducer was placed in a series of positions moving across the flat surface of the block (Fig. 14a) and at each position the time domain signal was recorded. The resulting traces are shown in Fig. 14(b) together with the results of the numerical model for the same angle of incidence (Fig. 14c) . For the cases of receiver positions A to D the incident P-wave is seen to move from left to right along the trace (later arrival time) and agrees well with the numerical model results. A mode-converted pulse (DR) is seen to move in the opposite direction to the P-wave across these traces. When the velocities of this pulse in both the experimental and numerical results are measured, they are found t o be the Rayleigh-wave velocity. There is good agreement between the two results both for the velocities and the pulse energy content relative to the incident pulse. For the traces E to G, in Fig. 14, the incident P-wave pulse is again seen to move from left to right, as shown in the numerical model. In both sets of results, a mode-converted pulse is observed to fogow the P-wave pulse but at a much slower velocity. For both the numerical model and the experiments the velocity of this pulse was determined and found to be in good agreement with the Rayleigh-wave velocity. In addition, the energy content of the scattered pulses, relative to the incident pulse, were again in good agreement.
There are also several low-energy pulses to be found in both the numerical model and experimental results.
Conclusions
The experimental results are generally in good agreement with the numerical ones, and this work has provided further understanding in the complex problem of the scattering of elastic waves by slots.
Two differences between numeral results and experiments have been found, both of which can be explained. These are, first, that the amplitude pattern of Rayleigh waves on the left of the slot, according to the numerical results, has the amplitude increase linearly with decreasing angle of incidence. In the laboratory, the amplitude increases considerably when e decreases from 90" to 60" -but it decreases slightly when e is made even smaller. This effect is believed to be due t o the difference between the numerical and experimental initial pulses, which have infinite and finite widths respectively. This assumption is to be tested by further computations, assuming plane pulses with finite dimensions, and by further experiments. The second difference is that two consecutively scattered Rayleigh pulses can clearly be distinguished in the numerical results, but only one pulse appears in the experimental results, and this is believed to be due to a combination of background noise and attenuation which occur in the experiments.
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